The swarmer cycle of Hyphomicrobium neptunium consists of a temporal sequence of discrete developmental events. To time morphogenesis and to investigate modulations in macromolecular synthesis, we attempted methods for synchronous culture. During synchrony, swarmer maturation occurred over 32%, hyphal growth occurred over 36%, and bud maturation occurred over 32% of the time required to complete the swarmer cycle. Daughter cells were released after 265 min. Deoxyribonucleic acid replication was discontinuous, having a GI period of approximately 180 min. In addition, ribonucleic acid and protein syntheses were depressed during the earlier phases of development.
Hyphomicrobium neptunium is a member of a diverse group of prosthecate, budding bacteria that undergo a series of discrete cytological changes during their life cycles (4, 7, 8, 16 ; Fig.  1 and 2). Their relatively complex and unique morphogenesis, coupled with the observation that the genome must pass from mother cell to daughter cell through a hypha before division, has made them a focus for study of developmental biology (18) .
Currently, there are four recognized genera of bacteria whose prosthecae have reproductive function, i.e., new cell formation by a budding process (6) . These are Hyphomicrobium, Hyphomonas, Pedomicrobium (6) , and Rhodomicrobium (17) . However, the taxonomy of the budding bacteria remains in flux, and it has been suggested (6) that H. neptunium be reclassified formally as Hyphomonas neptunium based upon the pattern of amino acid utilization (5), DNA base sequence (11) , and cell wall antigenic determinants (14) .
Despite other fundamental differences, the budding bacteria share in common a diphasic mode of vegetative development (17) . The timing of morphogenesis of the swarmer cycle (also termed daughter cycle [4] ) has been elucidated in only two of the genera of these bacteria, represented by Rhodomicrobium vannielii (17) and Hyphomicrobium sp. strain B-522 (12) . The former is shown to have approximately a 6.5-h cycle, and the latter has approximately a 14.5-h cycle.
We have extended these reports to another genus and here define H. neptunium as a model system, one which is easily manipulated (14) and has a comparatively rapid growth rate (5 Characterization of the efficacy of the procedures used to obtain synchrony. The H. neptunium synchronization procedure was derived after three factors (low temperature, centrifugation, and filtration) that enriched the swarmer population were studied. Based on an observation that, at 4°C, hyphal cells released at least one generation of swarmers that did not exhibit further morphogenesis, the contribution of 4°C toward enhancing the swarmer population was examined. With other factors constant (see previous section), various synchrony starter cultures were prepared by eliminating the refrigeration step or by keeping lawns at 40C for 12, 22, 48, or 65 h before centrifugation.
Second, centrifugation times and gravities were varied in combinations of 5, 10, 15, 20 min and 1,000, 2,000, 3,000, 4,000, and 5,000 x g. Lastly, Nucleopore filters (VWR Sci.) with pore diameters 0.6, 0.8, 1.0, and 3.0,um and Millipore filters with pore diameters 0.65, 0.8, 1.2, and 3.0 ,um were tested for their ability to retain all but swarmer forms. Procedures incorporating none, one, and two centrifugation and/or filtration steps were tested.
To monitor each variation, the final inoculum was morphologically characterized under phase microscopy and in photomicrographs, and the synchronous cultures were indexed (10) as described above. For representative procedural variations and also for the final optimum size sort procedure, all fractions were pooled (e.g., pellets and supernatants, filtrates and filter catches), and growth in marine broth was monitored by viable plate count to determine whether the manipulations required to induce synchrony also caused a lag in H. neptunium growth.
H. neptunium plasmid DNA. A modification of a J. BACTERIOL. (Fig. 1A and B) . Double filtration further reduced the heterogeneity, but ultimately was not adopted because this advantage was more than balanced by a longer lag phase with consequent dispersion of cell cycle events over longer intervals.
When H. neptunium was inoculated from marine agar lawns into marine broth, no lag period was detected. However, when it was subjected to the optimum synchronizing procedure, the trauma of the size sorting techniques induced a 15-min lag period. As evidenced by round morphological appearance (Fig. 1A) and high incidence of motility, 80% of the final synchrony inoculum was comprised of the youngest cell types, swarmer cells. The remainder was comprised of slightly maturer ovoid cells (19%, Fig.   1B ) and hyphal forms (1%, Fig. 1C to H) .
Timing of swarmer cycle morphogenesis. Three major cell types were microscopically scored: swarmer cells, hyphal cells, and budding cells (Fig. 2) . The interval before hyphal outgrowth was roughly equated to the period of swarmer maturation, that between hyphal outgrowth and bud formation was taken as the period of hyphal growth, and that between bud formation and bud detachment was termed bud maturation (Table 1) , although it is recognized that both bud maturation and septum formation (not monitored) occurred. In assessing the data, the appearance of each morphogenic marker was scored when first observed, when last observed, and when 50% of the population had progressed to the transition (e.g., bud formation), taken as the "transitional milestone."
By approximately 85 min, 50% of swarmer stage H. neptunium formed hyphae (Fig. 2) (Fig. 3) . Background counts, averaging 200 cpm in the NaOH-treated fraction, were attributed to an asynchronous population or repair activity or both.
Four discrete peaks of DNA biosynthetic activity were clearly evident. The first, occurring at 75 min, was thought to reflect actual DNA replication in an early maturing cell fraction, since 19% of the "synchrony start population" was comprised of mature swarmers (Fig. iB) Samples were prepared for counting, and radioactivity was determined as described in the text. Background counts of 0.2 kcpm were subtracted from the ['4C]adenine-treated samples, and 0.5 kcpm was subtracted from the ['4CJmethionine-treated samples.
As expected, periods of RNA and protein synthesis were not so discretely defined. However, on a per cell basis, both RNA and protein synthesis activities were lowest in the swarmer cell population and progressively increased as H. neptunium swarmer cells matured (Fig. 3) . By setting levels of RNA and protein synthesis to 100% at the time of bud separation (265 min), relative values of activity were obtained ( (12, 17) .
The optimum synchronization procedure was reproducible and provided good experimental resolution. Its main deficiency was the induction of a 15-mim divisional lag. This is possibly similar to that observed by Moore and Hirsch (12) , where swarmer maturation consumed 34% of a synchronous culture cycle but only 28% of the slide culture cycle. If this lag were to be translated into a developmental lag in the starting population, it is conceivable that swarmer maturation actually requires 70 min rather than 85 min and that the swarmer cycle requires 250 min rather than 265 min for completion. Considering the possibility that daughter cycle progeny may be formed and released more rapidly than mother cycle progeny, these estimates remain in general accord with those reported earlier with agar slide cultures in which mother cycle buds were formed and released at approximately 60-min intervals (1) .
As delineated by the transitions of hyphal outgrowth, bud formation, and bud detachment, the developmental processes of swarner maturation, hyphal growth, and bud maturation (plus separation) consume 32, 36, and 32%, respectively, of the duration of the 265-min H. neptunium daughter cycle in synchronous culture in marine broth. These values are not markedly different from those reported for Hyphomicrobium sp. strain B-522, but differ from those reported for a photosynthetic, budding bacteria, R. vannielii (Table 1) . Although H. neptunium may be only superficially related to R. vannielii, it is nonetheless interesting that H. neptunium hyphal growth requires 95 min (36% cycle time) whereas R. vannielii requires only 45 ± 5 mi (13% cycle time) for filament formation despite the observation that the appendages of both bacteria are of similar size (17) .
DNA synthesis during the swarmer cell cycle of H. neptunium appears to be discontinuous. The period of augmented ['4C]adenine incorporation from 75 to 105 min is not ascribed to chromosome replication since only one nucleoid is found in H. neptunium (R. Weiner, unpublished data) and in other budding bacteria (13, 17) 150 and 225 min into the cycle. Because some elements of the synchronous population, no doubt, initiated and terminated replication ahead of others, the actual interval of cellular DNA replication is believed to be even more condensed. In any event, it coincides with the end of the period of hyphal growth and the period of bud maturation. The timing of DNA replication during the daughter cycle of H. neptunium is, therefore, analogous to that in R. vannielii (17) but probably not to that in Hyphomicrobium sp. strain B-522 (13) .
The third period of ['4C]adenine incorporation into the DNA fraction, observed from 240 to 300 min, occurred during bud detachment and new bud formation (mother cycle). These data indicate that the H. neptunium swarmer cycle of 265 min has a G1 period of approximately 180-min duration, whereas the mother cycle of 60 to 85 min has little or no G, period. This is generally consistent with a recently proposed unified model for the cell division cycle (2) .
RNA and protein syntheses are also modulated during the H. neptunium swarmer cycle. On a per cell basis, the activity of both anabolic processes significantly increase as the swarmer cells mature. This age-dependent increase in biosynthetic activity has also been observed in Hyphomicrobium sp. strain B-522 (13) . On the other hand, the decrease in protein synthesis/ cell volume during hyphal growth coincides with observations in R. vannielii (17) . Macromolecular synthetic activity, associated with bud formation through bud separation, should be more cautiously interpreted since synchrony becomes more random with time (10) .
Although throughout this discussion comparisons have repeatedly been made with other budding bacteria, it should be emphasized that H. neptunium is a unique species (6) , serving in its own right as a model for the study of procaryotic differentiation. Future investigations may determine phylogenetic relationships among budding bacteria and permit more enlightened generalizations of their biology.
